M
any bacteria form aggregates of cells, which are embedded in a self-produced extracellular matrix, to protect themselves against environmental perturbations. These multicellular structures are often referred to as biofilms. Crucial to biofilm formation is the production of extracellular polysaccharides (EPSs), which constitute a major part of the extracellular matrix. The EPSs serve as a structural component of biofilms and promote multicellular morphotypes or cooperative bacterial cell movements (1) (2) (3) . The composition of EPSs is species-specific and has most likely adapted to the individual lifestyles of bacteria during the course of evolution.
In recent years, the cyclic dinucleotide c-di-GMP has been recognized as an important bacterial second messenger playing key roles in lifestyle changes of many bacteria. c-di-GMP has been demonstrated to be important for the regulation of EPS production in a plethora of different bacterial species (4) . Biosynthesis of c-di-GMP is catalyzed by diguanylate cyclases (DGCs) of the GGDEF domain family, whereas its degradation is performed by specific phosphodiesterases containing either an EAL or HD-GYP domain (5) . Intracellular levels of c-di-GMP are recognized by specific receptors that show a high degree of structural diversity.
The PilZ domain serves as a common c-di-GMP receptor, which binds c-di-GMP through conserved "RxxxR" and "(D/N)x (S/A)xxG" motifs present within its disordered N terminus and the adjacent β-barrel domain, respectively (4, 6, 7) . PilZ domains occur as stand-alone domains and as parts of multidomain proteins. For example, cellulose biosynthesis in Gluconacetobacter xylinus and Escherichia coli is allosterically controlled by c-di-GMP binding to the PilZ domain in the cellulose synthase (7, 8) . Similarly, production of alginate in mucoid Pseudomonas aeruginosa requires c-di-GMP binding to the PilZ domain in Alg44, which is part of the alginate synthase complex (9) . In addition to PilZ domains, c-di-GMP can be recognized by other receptors including GGDEF domains with an I-site, enzymatically inactive EAL domains, GIL domain, the MshEN domain, and c-di-GMPspecific riboswitches (10) (11) (12) (13) (14) (15) (16) (17) (18) . Moreover, several c-di-GMP receptors function as transcriptional regulators, belong to diverse protein families, and regulate various cellular functions. In Vibrio cholerae, c-di-GMP stimulates polysaccharide biosynthesis by inducing dimerization of the transcriptional activator VpsT (19) . In Streptomyces, c-di-GMP mediates the switch from vegetative growth to sporulation through its binding to the transcriptional repressor BldD (20) . In Pseudomonas, c-di-GMP binding to the NtrC-like protein FleQ results in stimulation of pel transcription (21) (22) (23) . In Klebsiella pneumoniae, the PilZ domain-containing transcriptional activator MrkH activates genes for fimbriae synthesis upon c-di-GMP binding (24) . Finally, in Burkholderia cenocepacia, the CRP-like transcriptional regulator Bcam1349 binds c-di-GMP to stimulate expression of genes for cellulose synthesis (25) . Taken together, these examples show that c-di-GMP can serve as positive or negative signal for the regulation of transcription.
Significance
Cyclic dimeric GMP (c-di-GMP) has emerged as ubiquitous bacterial second messenger, regulating multiple cellular functions, such as cell cycle, virulence, and biofilm formation. However, our knowledge on the molecular inventory, diversity, and function of c-di-GMP receptors, and the molecular evolution of c-di-GMP-responsive proteins is still incomplete. We have identified a class of c-di-GMPresponsive transcription factors, strikingly illustrating how a classical transcription factor has acquired the ability to sense this signaling molecule. The mode of c-di-GMP binding to the AraC-like transcription factor CuxR is highly reminiscent to that of the PilZ domain, the prototypic c-di-GMP receptor. PilZ and CuxR provide an example of convergent evolution in which c-di-GMP binding sites of similar topology have evolved independently in two distinct protein families.
The plant symbiotic nitrogen-fixing α-proteobacterium Sinorhizobium meliloti produces two major exopolysaccharides, that is, succinoglycan and galactoglucan, and a capsular polysaccharide (26, 27) . Moreover, several gene clusters potentially related to production of unknown EPSs have been identified on megaplasmid pSymB of the tripartite S. meliloti genome, which is composed of a main chromosome and two megaplasmids (28, 29) . Succinoglycan and galactoglucan contribute to sliding on surfaces (30) and biofilm formation (31, 32) , and promote establishment of a productive symbiosis of S. meliloti with its host plant (33, 34) . In S. meliloti, production of succinoglycan and galactoglucan is controlled by multiple regulators at the transcriptional level (26) . In planktonic cells, the zinc-finger-type transcriptional repressor MucR regulates a multitude of processes, including EPS biosynthesis and flagellar motility (35, 36) . Recently, we showed that EPS production is also regulated by c-di-GMP (37) .
Here, we set out to understand how c-di-GMP signaling and EPS production are interlinked to promote biofilm formation in S. meliloti. We report the structural and functional characterization of the AraC/XylS-like transcription factor CuxR, which induces expression of an EPS biosynthesis gene cluster. Comparative analyses suggest that CuxR represents a class of transcription factors that, during the course of molecular evolution, acquired the ability to bind c-di-GMP by a mechanism resembling that of PilZ domains.
Results c-di-GMP Positively Affects EPS Production in S. meliloti. We have recently shown that elevated c-di-GMP levels caused by overproduction of the DGC PleD led to increased staining of S. meliloti macrocolonies with the hydrophobic dye Congo red (CR) (37) (Fig. 1A) . This observation suggested to us that EPS production might be enhanced because CR is well known to bind to polysaccharides (38) . This assumption is supported by the observation that a strain lacking the transcriptional repressor MucR showed even stronger CR staining upon pleD overexpression (Fig. 1A) .
To identify the underlying mechanism, we performed transcriptomic profiling of S. meliloti in the absence and presence of plasmid-encoded PleD under the control of an isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible promoter. Upon overproduction of PleD, five genes were significantly up-regulated (i.e., M values greater than 1) (Fig. 1B and Table S1 ). Four of these genes cluster on megaplasmid pSymB. They are part of a putative six-gene operon predicted to encode an UDP-xylose synthase (uxs1), UDP-xylose 4-epimerase (uxe), family 2 glycosyltransferase (SMb20460), endoglucanase H (SMb20462), and two proteins of unknown function (SMb20463 and SMb20461) (Fig. 1B) . The predicted enzymatic activities of Uxs1 and Uxe have previously been experimentally confirmed (39) . Predicted protein functions suggest that this cluster might be involved in the production of the putative CR-binding EPS.
To determine whether increased transcription of this operon was responsible for enhanced CR staining, we interrupted the putative uxs1-SMb20463 operon by integration of pK19mob2ΩHMB-uxe (40) into uxe in wild-type S. meliloti and in the mucR mutant. Integration of pK19mob2ΩHMB has been shown to disrupt transcription due to a strong transcription terminator encoded by this plasmid (40) . Under PleD overproduction conditions, CR staining was decreased in both uxe mutant strains compared with the parental strains overexpressing pleD ( Fig. 1 A and C) . Furthermore, ectopic expression of the entire uxs1-SMb20463 gene cluster under the control of an IPTG-inducible promoter in the wild type resulted in increased CR staining (Fig. 1D ). Taken together, our results strongly suggest that the CR phenotype is dependent on genes of the uxs1-SMb20463 operon and elevated intracellular c-di-GMP levels.
c-di-GMP Activates the uxs1 Promoter Through CuxR. To better understand how c-di-GMP activates EPS production through the uxs1-SMb20463 gene cluster, we generated uxs1 promoter (Puxs1)-egfp fusions and tested their activities in absence and presence of plasmid-encoded PleD. When PleD production was induced by 0.5 mM IPTG in the wild type, Puxs1 yielded a ∼16-fold higher fluorescence signal compared with noninduced conditions (Fig.  2A) . To support that Puxs1 activation was solely dependent on c-di-GMP and not specifically caused by PleD, we also probed the effect of overproduction of the DGCs DgcA from Caulobacter crescentus and SMc01464 from S. meliloti, which have previously been applied to increase c-di-GMP levels in S. meliloti (37) . Overproduction of either of these DGCs resulted in similar Puxs1 activation as observed for PleD. Moreover, overproduction of a catalytically inactive PleD variant (i.e., PleD GGAAF ) did not result in activation of Puxs1 ( Fig. 2A) . Altogether, our results demonstrate that c-di-GMP regulates the activity of the uxs1 promoter.
In the next step, we asked how c-di-GMP affects Puxs1 activity. Closer inspection of the genomic context revealed the presence of the SMb20457 gene coding for a putative transcriptional regulator of the AraC family upstream of the uxs1-SMb20463 gene cluster (Fig. 1B) . To test whether this protein was involved in c-di-GMP-mediated activation of uxs1-SMb20463 expression, Puxs1 activity was measured in a strain lacking SMb20457. In this mutant, PleD-dependent activation of Puxs1 was abolished (Fig. 2B) . Vice versa, overproduction of SMb20457 in a strain lacking all DGC-encoding genes (cdG 0 ) did not result in Puxs1 activation (Fig. 2C) . Moreover, overproduction of both PleD and SMb20457 resulted in a 50-fold or 23-fold higher fluorescence signal compared with single PleD and SMb20457 overproduction, respectively (Fig. 2C) . These results show that SMb20457 is important for the c-di-GMP-dependent activation of EPS production via the uxs1 promoter. From hereon, we refer to SMb20457 as cuxR (for c-di-GMP-responsive UDP-xylose regulator).
CuxR Specifically Interacts with c-di-GMP. Our in vivo studies suggested that CuxR might interact with c-di-GMP. To test this notion, we probed the interaction between purified CuxR protein and 32 P-labeled c-di-GMP by a differential radial capillary action of ligand assay (DRaCALA) (41) . Increased signal density in the center of the spotting area was detected using purified CuxR protein preincubated with 32 P-labeled c-di-GMP (Fig. 3A) . Addition of unlabeled GTP did not alter the migration behavior of 32 P-labeled c-di-GMP. By contrast, unlabeled c-di-GMP resulted in a diffuse distribution of the radioactive signal, providing evidence for specific competition with its labeled counterpart (Fig. 3A) . To determine the affinity between CuxR and c-di-GMP, we performed biolayer interferometry (BLI) using biotinylated c-di-GMP and streptavidincoated biosensors (42) , revealing a dissociation constant (K d ) of 6.7 μM (Fig. S1 ).
CuxR Activates the uxs1 Promoter in a c-di-GMP-Dependent Manner.
Knowing that the in vivo activation of Puxs1 was dependent on the presence of the c-di-GMP binding protein CuxR and elevated c-di-GMP levels, we probed binding of CuxR to a DNA fragment containing the intergenic region (IR) located between cuxR and uxs1 by electrophoretic mobility shift assay (EMSA) (43) . In the absence of c-di-GMP, no binding of CuxR to the IR was observed (Fig. 3B) . However, in the presence of c-di-GMP, but not GTP, we observed a clear band shift demonstrating c-di-GMP-dependent binding of CuxR to the IR (Fig. 3B) .
To define the CuxR binding site, the IR was systematically shortened and tested by EMSA. A fragment containing 186 bp upstream of the uxs1 start codon did not bind CuxR in the presence of c-di-GMP, whereas a fragment containing 196 bp did (Fig.  3C ). This result shows that sequences crucial for binding of CuxR localize between positions 186 and 196 upstream of the uxs1 start codon. Closer inspection of this region revealed the presence of a direct-repeat motif CGGGAT-N 6 -CGGGAT that partially overlapped with a palindromic sequence CAATC-N 2 -GATTG (Fig.  3D) . To investigate whether this region was sufficient for CuxR binding, we inserted a 30-bp fragment (Puxs1 ) containing both motifs into a plasmid and generated a 240-bp PCR product composed of this region and flanking sequences derived from the plasmid. An EMSA revealed CuxR binding to this PCR product containing Puxs1 , and this binding was dependent on the presence of c-di-GMP in the reaction mixture (Fig. 3E ). To further dissect the c-di-GMP-dependent binding of CuxR to Puxs1 , we systematically mutated nucleotides within the direct repeat and the palindromic region. Exchanging the directrepeat left half-site without affecting the palindrome sequence (m1), resulted in a complete loss of CuxR binding. In contrast, mutation of the palindrome left half-site, which also contains one nucleotide of the direct-repeat right half-site (m6), did not notably affect DNA binding by CuxR upon c-di-GMP addition ( and F). Gradual mutagenesis of the direct-repeat left half-site CGGGAT suggests that the nucleotides GGAT in positions 3-6 are essential for DNA binding by CuxR, whereas C and G in positions 1 and 2 are apparently not (m2-m5 and m6 in Fig. 3  D and F) .
Next, the same set of promoter fragments and mutations was probed for c-di-GMP-dependent stimulation of Puxs1 activity by CuxR using the Puxs1-egfp reporter assay (see above). Strikingly, only those promoter mutants that showed a c-di-GMPdependent binding of CuxR in the EMSAs stimulated c-di-GMPdependent fluorescence (Fig. 3G) . This identifies the direct-repeat CGGGAT-N 6 -CGGGAT as the primary DNA binding site of CuxR within the Puxs1 region.
Crystal Structure of CuxR. To better understand the molecular details of CuxR, we determined its crystal structure. Orthorhombic crystals of the native protein were obtained after 1 d and diffracted to 2.7-Å resolution. Although CuxR is predicted to belong to the AraC-like family of transcription factors, molecular replacement with a variety of different AraC-like protein structures failed. Therefore, we prepared selenomethionine-labeled crystals of CuxR that diffracted to 3.0-Å resolution. These crystals were used for structure determination by singlewavelength anomalous dispersion (SAD) ( Table S2 ). The soobtained structural coordinates served as a search model for structure determination by molecular replacement using the native crystals diffracting to 2.7-Å resolution (Table S2 ). The asymmetric unit contained one monomer and the structure was refined to R work /R free values of 23.6/28.1%, respectively. The structure could be built to completeness apart from the following highly disordered regions that could not be unambiguously built (i.e., amino acids 1-46, 310-370).
The architecture of CuxR can be divided into a Cupin-like domain, a helical hairpin (HP), a bipartite helix-turn-helix (bi-HTH) domain, and a C-terminal helix (CTH) connected to the bi-HTH through a disordered linker of ∼15 aa (Fig. 4A) . The Cupin-like domain comprises the β-strands β1 to β12 that arrange in a "barrel"-like structure. The Cupin-like domain is reminiscent of the arabinose-binding domain of AraC from E. coli (44); however, the two domains significantly differ in size and topology (Fig. S2) . The Cupin-like domain is followed by helices α4 and α5 that form a HP and localize to the outer surface of the Cupin-like domain barrel. Thereafter, helices α6 to α12 provide the basis for a bi-HTH of the AraC/XylS-type (Fig.  4A) . Helices α6 to α8 and α10 to α12 constitute the two trihelical parts of this bipartite HTH and are connected with each other through helix α9 (Fig. 4A) . Noteworthy, the second half of the bi-HTH is much less ordered in our crystal structure than the first one. Nevertheless, its location can be inferred by superimposing helices α6 to α9 of CuxR with the crystal structure of an AraC/ XylS-type bi-HTH-containing protein from Chromobacterium violaceum (PDB ID code 3OIO; Fig. S3 ). A highly disordered region to which the CTH is connected follows the bi-HTH. The CTH could be unambiguously built because it interacts with the Cupin-like domain in a groove formed by β1, β3, β4, and α1 (Fig.  4A) . Our structural analysis of CuxR shows that it displays an overall topology reminiscent of AraC-like transcriptional regulators such as AraC, but greatly differs in the Cupin-like domain and the C-terminal architecture.
A c-di-GMP-Dependent Homodimer of CuxR Activates the uxs1
Promoter. Investigation of crystallographic contacts showed that the HP of one CuxR interacts with that of a symmetry-related HP through an interface of ∼800 Å 2 of buried surface area (Fig.  4B) . In this regard, CuxR equals the transcriptional regulator AraC in which homodimerization is mediated via α2 of the HP, albeit differences between both proteins are apparent (Fig. 4C) . To investigate whether homodimerization of CuxR via its HPs would be a prerequisite for its DNA binding in c-di-GMPdependent manner, we exchanged amino acids located in this putative dimerization interface (i.e., L200E, N203E, R222E; Fig.  4 D and E) and tested the corresponding protein variants by EMSA. Although variant R222E was still able to bind to Puxs1 in the presence of c-di-GMP, the L200E and N203E variants were not (Fig. 5A ). To consolidate that the inability to bind to DNA was indeed caused by a defect in homodimerization of CuxR, we additionally performed cross-linking experiments with purified CuxR and its variants in the absence and presence of c-di-GMP using ethylene glycol bis(succinimidyl succinate) (EGS). Although wildtype CuxR and the R222E variants showed a protein band corresponding to a homodimer in the presence of c-di-GMP, the L200E and N203E variants did not (Fig. 5B ). To exclude that the inability of the L200E and N203E variants to homodimerize was caused by impaired c-di-GMP binding, DRaCALA binding assays with CuxR and the three variants were performed revealing that c-di-GMP binding was not abolished (Fig. 5C ).
Our in vitro data are in good agreement with CR-binding and Puxs1 activation assays using the overproduced CuxR variants in a cuxR mutant strain also overproducing PleD. In these assays, the R222E variant behaved like wild-type CuxR, whereas the L200E and N203E variants showed decreased CR staining and Puxs1 activation (Fig. 5D) . Although significantly reduced, the remaining activation of Puxs1 by the L200E and N203E CuxR variants implies that these variants may have a residual ability to dimerize or to bind DNA in the monomeric form, which might be aided by other factor(s) in vivo. Taken together, our results suggest that the HP of CuxR is important for the c-di-GMPdependent homodimerization, which in turn is relevant for DNA binding and activation of Puxs1.
A Conserved RxxxR Motif and the Cupin Domain Mediate c-di-GMP Binding. To identify the c-di-GMP binding site of CuxR, we used hydrogen-deuterium exchange mass spectrometry (HDX-MS), also because we were unsuccessful to obtain crystals of CuxR bound to c-di-GMP. This method allows determining conformational changes within proteins upon their interaction with ligands (45, 46) . Specifically, CuxR and c-di-GMP-bound CuxR were incubated in deuterated buffer for 0.5, 2, or 10 min. After quenching of the HDX reactions, the protein was digested using protease type XIII, and the resulting peptides were analyzed by electrospray ionization mass spectrometry. A total of 107 unique and deuterated peptides of CuxR could be assigned to their nondeuterated counterparts, resulting in 93% coverage of the CuxR amino acid sequence with a 3.5-fold redundancy (Table  S3 ). Four regions of CuxR (named as R1 to R4) displayed significant differences in deuterium incorporation upon addition of c-di-GMP (Fig. 6 A and B) . The R1 region (amino acids contains the disordered N terminus of CuxR and β1 of the Cupin-like domain; regions R2 and R3 contain β-strands β6-β8 constituting the lower tip of the Cupin β-barrel and a flexible linker region followed by the HP helix α4, respectively; and region R4 solely contains the CTH of CuxR. Our HDX-MS results substantiate that c-di-GMP mediates homodimerization of CuxR as shown by the strong stabilization of the R3 region. However, they do not discriminate whether R1, R2, or R4 contain the c-di-GMP binding site. To elucidate which of these regions contributes to c-di-GMP binding, we first probed c-di-GMP binding of a CuxR variant lacking the CTH (CuxR ΔCTH) by DRaCALA.
This variant did not show any alteration in c-di-GMP binding, suggesting that R4 is not involved in c-di-GMP binding (Fig. 6C) . Multisequence alignments of the N termini of CuxR proteins from various rhizobial species revealed a conserved RxxxR motif (where "x" is any amino acid) in the N-terminal region of the protein. The presence of this motif seems to be restricted to rhizobial species and resembles the RxxxR motif found in PilZ proteins involved in c-di-GMP binding (Fig. S4 A and B) . Substitution of both arginines with alanine (i.e., R24A and R28A) eliminated c-di-GMP binding to CuxR in the DRaCALA assays (Fig. 6C) . Additionally, a screen for residues located in region R2 and its close proximity revealed that R162 is critical for c-di-GMP-dependent binding of CuxR to DNA (Fig. S5 A and B) . This R162A variant showed impaired c-di-GMP binding in the DRaCALA assay (Fig.  6C ). Similar to R162A variant, CuxR R24-R28 was unable to form homodimers and did not bind to DNA in the presence of c-di-GMP (Fig. 6 D and E, respectively) . In vivo, these CuxR variants failed to stimulate Puxs1 activity, and the mutants showed reduced CR staining (Fig. 6F) . Taken together, these results show that c-di-GMP binding to CuxR requires a conserved RxxxR motif provided by the disordered N terminus and the arginine residue R162 located in the β-barrel domain of CuxR.
Discussion
CuxR Employs a PilZ-Like Mechanism to Interact with c-di-GMP. We have shown that CuxR requires the c-di-GMP-dependent homodimerization to interact with the uxs1 promoter via its bi-HTH. Our HDX-MS measurements and the crystal structure together with our functional data suggest a model in which coordination of c-di-GMP to CuxR is mediated by two distinct binding sites: (i) an RxxxR motif located in the disordered N terminus and (ii) arginine residue R162 provided by the Cupin domain of CuxR. We postulate that c-di-GMP binding to CuxR enforces a conformation enabling homodimerization via helices α4 and α5 of the HP. Because of the rotational symmetry of this homodimer, no contact between c-di-GMPs bound to each of the subunits of the homodimer is possible. This is in contrast to the master regulatory protein BldD from Streptomyces venezuelae, where homodimerization is enabled via two dimers of intercalated c-di-GMP (20) .
Surprisingly and unpredicted, the mode of c-di-GMP binding to CuxR is highly reminiscent to that of PilZ domains (Fig. 7) . In the PilZ domain, two intercalated c-di-GMP molecules primarily interact with the two arginines present within the conserved RxxxR motif of the disordered N terminus. Moreover, one of the two intercalated c-di-GMP molecules interacts with amino acid side chains at the outer surface of the β-barrel of PilZ through a (D/N)x(S/A)xxG motif (motif 2) (4, 6, 7). A conserved arginine residue [i.e., R95 in P. aeruginosa Alg44 (47)] provided by the β-barrel establishes further contact to one c-di-GMP molecule and influences the number of c-di-GMP bound to the protein (47) . In this regard, CuxR shows surprising similarities to PilZ, although its structure and sequence do not suggest so at first glance. CuxRlike PilZ-primarily interacts with c-di-GMP via a conserved RxxxR motif present within its disordered N terminus. Moreover, our HDX-MS experiments suggested that the outer surface of the β-barrel of its Cupin-like domain is involved in c-di-GMP binding (Fig. 6 A and B) . Consequently, substitution of the conserved R162 in CuxR (resembling R95 in P. aeruginosa Alg44) disrupted c-di-GMP-dependent binding of CuxR to the uxs1 promotor region and failed to promote EPS production ( Fig. 6 E and F) . We suspect that dimeric c-di-GMP is needed for DNA recognition by CuxR as a similar variation in the PilZ protein Alg44 led to binding of only one c-di-GMP molecule (47) .
We therefore speculate that PilZ and CuxR provide an example of convergent evolution in which c-di-GMP binding sites of similar topology have evolved independently in two distinct protein families. In this sense, PilZ and CuxR share two structurally conserved features for their interaction with c-di-GMP: a disordered N terminus containing a RxxxR motif and a β-barrel structure providing additional amino acids contacting c-di-GMP (Fig. 7) .
Comparing CuxR with its close structural homolog AraC suggests how proteins of this type might have acquired the ability to bind c-di-GMP during the course of evolution. Seemingly, such a new feature can be achieved simply by the addition of a disordered N terminus containing the c-di-GMP binding motif RxxxR and the parallel coevolution of amino acid residues at the outer surface of the β-barrel domain. Interestingly, β-barrel domains, such as Cupin, show high structural identities despite a huge diversity in their amino acid sequences (48, 49) , making an evolutionary adaptation to c-di-GMP binding possible. In this light, we expect that other proteins with a β-barrel domain may also have acquired sensitivity to c-di-GMP in a similar manner.
c-di-GMP-Dependent Regulation of CuxR in the Framework of EPS
Production. In this work, we identified CuxR as a c-di-GMPdependent transcriptional activator of genes involved in polysaccharide production in the α-proteobacterium S. meliloti. Our analysis shows that CuxR belongs to the AraC/XylS family of transcription factors that contain a duplication of the trihelical version of the HTH domain and typically occur fused to a sugarbinding domain (50) . Members of this transcription factor family are widely distributed in diverse prokaryote genera and are functionally related to carbon and nitrogen source metabolism, virulence, and stress responses (51) . The most prominent member of the AraC/XylS family is AraC from E. coli that regulates the expression of genes involved in arabinose transport and catabolism (52, 53) . In the absence of arabinose, the N-terminal arm of the dimerization domain binds to the DNA-binding domain of AraC and helps to hold the two DNA-binding domains in dimeric AraC apart from one another, favoring DNA looping (54) . In this state, one monomer of the AraC dimer occupies the half-site araI 1 , whereas the other one occupies the half-site araO 2 , 210 bp apart from each other, leading to repression of the araBAD operon (55) . In the presence of arabinose, however, the N termini of the AraC dimer bind to their dimerization domains facilitated by interaction with the ligand, thus freeing the DNA-binding domains and allowing their binding to the adjacent half-sites araI 1 and araI 2 with directrepeat symmetry (54) . This initiates transcription of the ara genes, which additionally requires cAMP receptor protein, CAP.
In CuxR, the Cupin-like domain followed by the HP and the bi-HTH essentially features the same topology as AraC from E. coli. Similarly to AraC, CuxR serves as transcription factor binding to the direct-repeat sequence CGGGAT-N 6 -CGGGAT in the uxs1 promoter region, which is 78 bp upstream from the putative transcriptional start site of uxs1 (56). AraC from E. coli specifically binds to at least one half-site of the direct-repeat sequence TAGCattTttatCCatA-N 4 -TAGCggaTcctaCCtgA, whereas the second half-site forms a partial overlap with the −35 region in P BAD (55) . A comparison between the two binding sites allows conclusions on the binding mode of CuxR to DNA. The AraC dimerization domain is loosely connected to its DNA-binding domain, and the connection between the two domains permits both extension and rotation. Arabinose binding to AraC tightens the connection between both domains and stabilizes binding to half-sites separated by zero or one turn of DNA, because the AraC protein dimer cannot simultaneously contact two half-sites on opposites faces of the DNA (55) . In case of CuxR, the two half-sites of the DNA binding site almost lie on the same face of the DNA helix.
AraC and CuxR also differ in that the latter contains a significantly longer and disordered N terminus carrying the RxxxR motif. As described above, this disordered region together with the Cupin-like domain renders CuxR sensitive to c-di-GMP and controls the c-di-GMP-dependent homodimerization of CuxR via its HP. Unlike AraC, which primarily exists as homodimer even in the absence of its ligand arabinose, CuxR is a monomer in the absence of c-di-GMP. Another notable difference between CuxR and AraC is located within the region responsible for arabinose binding in AraC. Residues required for arabinose binding in AraC are not conserved in CuxR. Instead, the Cupinlike domain of CuxR is extended by three additional β-strands resulting in a pocket, which is roughly double the size of that found in AraC. Moreover, helix α1 blocks the entrance to this putative binding site (Fig. 4A) . This raises the question whether CuxR has kept its ability to interact with sugars in a way similar to AraC. The fact that CuxR is a transcriptional regulator controlling the c-di-GMP-dependent expression of genes involved in the production of a so-far structurally uncharacterized EPS via the uxs1 promoter, renders an interaction of CuxR with monoaccharides or disaccharides a plausible hypothesis. In one scenario, an accumulating cytoplasmic intermediate of EPS production could tune the activity of CuxR as feedback inhibitor to prevent futile rounds of synthesis. Alternatively, monosaccharides serving as substrates for EPS production could act in concert with c-di-GMP to further stimulate CuxR in activating the uxs1 promoter. However, it remains to be shown whether CuxR is able to interact with any sugar and if so, what the regulatory consequences might be.
Finally, our data show that CuxR is not a stand-alone regulator, but acts in the context of other regulatory mechanisms of EPS biosynthesis. This is exemplified by the observation that knockout of mucR leads to increased CuxR-dependent production of CRbinding EPS. In addition to activation of succinoglycan and repression of galactoglucan biosynthesis genes, MucR also represses transcription of rem encoding an activator of motility gene expression (35) . Additional regulation of cuxR by MucR could provide the basis for the hierarchical integration of diverse environmental conditions into the molecular framework of EPS production.
Methods
Bacterial Strains and Growth Conditions. Bacterial strains and plasmids used in this study are shown in Table S4 . S. meliloti was grown at 30°C in tryptone-yeast extract (TY) medium (57), Luria-Bertani (LB) medium (58) , and modified MOPS-buffered minimal medium (MM) (10 g/L MOPS, pH 7. following concentrations were used: kanamycin, 50/50; gentamicin, 5/8; tetracycline, 5/10; and ampicillin, 100/100. Unless stated otherwise, IPTG was added at 100 μM final concentration.
Construction of Strains and Plasmids. Constructs used in this work were generated using standard cloning techniques. The oligonucleotide primers used are listed in Table S5 . All constructs were verified by sequencing. Plasmids were transferred to S. meliloti by E. coli S17-1-mediated conjugation as previously described (60, 61) . Correct plasmid integrations were verified by PCR. The uxs1 promoter-egfp fusion was generated by insertion of a 368-bp fragment including the cuxR-uxs1 IR and the three first codons of the uxs1 gene into the replicative low-copy number plasmid pPHU231-EGFP. This generated an in-frame fusion of these first codons of the uxs1 gene to egfp. Gene overexpression constructs were generated by insertion of the full-length coding sequence into the replicative medium-copy number vectors pWBT and pSRKGm. For combined overexpression of two genes in pWBT, the coding regions were inserted in tandem downstream of the T5 promoter. Constructs for production of N-terminally His 6 -tagged CuxR and corresponding mutant variants were generated by insertion of the coding sequence excluding the start codon into expression vector pWH844. For generation of amino acid substitutions, splicing by overlap extension PCR was applied.
CR Assay. CR staining was assayed on TY agar containing 120 mg/L CR and 500 μM IPTG. In case of pleD-cuxR overexpression, IPTG was added at 100 μM. Fresh precultures grown on TY agar were resuspended in 0.9% (wt/vol) NaCl to an optical density at 600 nm (OD 600 ) of 0.1, and 50 μL were dropped onto the agar medium. Plates were incubated at 30°C and documented after 3 d.
Transcriptome Analysis. Four independent bacterial cultures of Rm2011 carrying either pWBT or pWBT-pleD were grown in 100 mL of MM overnight to an OD 600 of 0.5. IPTG was added at 500 μM, and cells were harvested after 4 additional hours of growth. RNA was isolated from bacterial cultures with the RNeasy Mini Kit (Qiagen). cDNA synthesis, Cy3 and Cy5 labeling, hybridization, image acquisition, and data analysis were performed as previously described (62) . Normalization and t statistics were carried out using the EMMA 2.8.2 microarray data analysis software (63) . Genes with value of P ≤ 0.05 were included in the analysis. The M value represents the log 2 ratio of both channels.
Fluorescence Measurements. For promoter-EGFP assays, TY precultures were diluted 1:500 in 100 μL of MM without or with addition of 100 μM IPTG and grown in 96-well plates at 30°C with shaking. EGFP fluorescence [excitation wavelength (λ ex ) of 488 ± 9 nm; emission wavelength (λ em ) of 522 ± 20 nm; gain, 82] and growth (OD 600 ) were recorded using an Infinite 200 Pro multimode reader (Tecan). Strains carrying the empty vector pPHU231-EGFP were used for measuring background fluorescence. Relative fluorescence units (RFUs), calculated as EGFP signals, were normalized to OD 600 (n = 3).
Protein Production and Purification. For production of native CuxR and its variants, E. coli BL21 (DE3) (Novagen) carrying the expression plasmids were grown in LB medium supplemented with 12.5 g/L D(+)-lactose-monohydrate and ampicillin (100 μg/mL) or kanamycin (50 μg/mL) for 16 h at 30°C. The cells were harvested (3,500 × g, 20 min, 4°C), resuspended in lysis buffer (20 mM Hepes-Na, pH 8.0, 250 mM NaCl, 40 mM imidazole, 20 mM MgCl 2 , 20 mM KCl) and lysed with a M-110L Microfluidizer (Microfluidics). After centrifugation of cell debris (47,850 × g, 20 min, 4°C), the clear supernatant was loaded on a 1-mL HisTrap HP column (GE Healthcare) equilibrated with 10 column volumes (CV) of lysis buffer. After washing with 10 CV of lysis buffer, CuxR was eluted with 5 CV of elution buffer (lysis buffer containing 500 mM imidazole). CuxR was concentrated using an Amicon Ultracel-10 concentration unit (Merck Millipore) and subjected to size-exclusion chromatography (SEC) using a HiLoad 26/600 Superdex 200 pg column (GE Healthcare) equilibrated in SEC buffer (20 mM Hepes-Na, pH 7.5, 200 mM NaCl, 20 mM MgCl 2 , 20 mM KCl). CuxR-containing fractions were pooled and concentrated using an Amicon Ultracel-10 concentration unit (Merck Millipore) according to the experimental requirements. Protein concentration was determined with a spectrophotometer (NanoDrop Lite; Thermo Scientific). Selenomethionine (Se-Met)-labeled CuxR was produced using M9 medium (50 mM Na 2 HPO 4 , 25 mM KH 2 PO 4 , 10 mM NaCl, 20 mM NH 4 Cl, pH 7.4) supplemented with 100 mg of lysine, 100 mg of threonine, 100 mg of phenylalanine, 50 mg of leucine, 50 mg of isoleucine, 50 mg of valine, 4 g of glucose, 50 mg of seleno-L-methionine, 2 mM MgCl 2 , and 100 μM CaCl 2 per liter. Protein production was induced at an OD 600 of 0.6 by addition of 1 mM IPTG and the culture incubated at 37°C under vigorous shaking for 16 h.
Protein purification was carried out as described for native CuxR (see above). For crystallization of native and Se-Met labeled CuxR, 10 mM DTT was included in the SEC buffer.
Preparation of α-32 P-Labeled c-di-GMP. Radiolabeled c-di-GMP was produced as described (64) . Briefly, 32 P-labeled c-di-GMP was synthesized using 10 μM purified C. crescentus His 6 -DgcA and 1 mM GTP/[α-32 P]GTP (0.1 μCi/μL) overnight at 30°C in a buffer containing 50 mM Tris·HCl, pH 8.0, 300 mM NaCl, and 10 mM MgCl 2 . The reaction was then treated with 5 units of calf intestine alkaline phosphatase (Fermentas) for 1 h at 22°C to hydrolyze unreacted GTP and stopped by incubation for 10 min at 95°C. The precipitated proteins were removed by centrifugation (10 min, 20,000 × g, 22°C) and the supernatant used in c-di-GMP binding assays.
In Vitro c-di-GMP Binding Assay. c-di-GMP binding was determined using a DRaCALA with 32 P-labeled c-di-GMP, as described (41) . Reaction mixtures (50 μL) containing 32 P-labeled c-di-GMP and 20 μM protein in the binding buffer (10 mM Tris·HCl, pH 8.0, 100 mM NaCl, 5 mM MgCl 2 ) were incubated for 10 min at room temperature. Ten microliters of this reaction mixture was spotted onto nitrocellulose membrane and allowed to dry before exposing a phosphor-imaging screen (Molecular Dynamics). Data were collected using a STORM 840 scanner (Amersham Biosciences).
BLI Binding Measurements. The dissociation constant of c-di-GMP binding to CuxR was determined by BLI using the BLItz system (forteBio, Inc.) equipped with Streptavidin SA biosensor (forteBio, Inc.) (42) . The 500 nM biotinylated c-di-GMP in SEC buffer supplemented with 0.01% (wt/vol) Tween 20 was immobilized onto the biosensors for 120 s, and unbound molecules were washed off for 30 s. Different concentrations of CuxR were applied to the biosensor tip for 120 s, and dissociation was carried out by washing for 120 s. Nonspecific binding of CuxR to the biosensor was determined by addition of CuxR to the biosensor without prior immobilization of biotinylated c-di-GMP.
EMSA. EMSA was performed as previously described including small modifications (65) . An EMSA reaction mixture contained 50 mM KCl, 0.85 μg of sonicated salmon sperm DNA (Invitrogen), 100 μg of BSA (Sigma), 0.5 μg of CuxR, and 15 ng of Cy3-labeled DNA in a final volume of 10 μL. Where indicated, c-di-GMP was added in a final concentration of 200 μM. Cy3-labeled DNA fragments were obtained by PCR with primer Cy3-egfp-28-rev and a primer binding inside the cuxR-uxs1 IR using pPHU-Puxs1-EGFP as template. Synthetic pSRKKm-cuxR bs -EGFP construct carrying a 30-bp fragment of the cuxR-uxs1 IR including the CuxR-binding site was obtained using oligonucleotides extended by six nucleotides and sticky end overhangs for XbaI/HindIII cloning into pSRKKm-EGFP. The resulting plasmid was used as template for amplification of the DNA fragments for EMSA using the primers PCR2 and Cy3-egfp-28-rev. The reaction mixtures were incubated at room temperature for 30 min. Subsequently, 1.5 μL of 90% glycerol and 1.25 μL of 10× TBE buffer were added, and the reaction was loaded onto a 10% polyacrylamide gel in TBE. After electrophoresis at 90 V for 2.5 h, gel images were scanned using a Typhoon 8600 variable-mode imager (Amersham Bioscience).
Preparation of c-di-GMP. c-di-GMP was produced and purified as described previously (66) . For production of c-di-GMP, a variant of the DGC TM1788 from Thermotoga maritima (tDGC harboring amino acids 88-241 of TM1788 with variation R158A) was used (66) . c-di-GMP was produced by incubating 5 μM tDGC R158A together with 1 mM GTP at 45°C in a buffer containing 50 mM Tris·HCl, pH 8.0, 250 mM NaCl 2 , 20 mM MgCl 2 , and 1 mM DTT. A total of 10 mM GTP was added during 10 h of incubation after which ∼95% of GTP were converted to c-di-GMP as estimated by HPLC (45) . The reaction was stopped by addition of 2 volume parts chloroform and the aqueous phase injected into an Agilent 1100 Series HPLC (Agilent Technologies) equipped with a VP 250/21 Nucleodur C18 HTec, 5-μm column (Macherey-Nagel). c-di-GMP was eluted with a buffer containing 20 mM trimethylammonium bicarbonate, pH 7.0, and 9% (vol/vol) methanol at 18 mL/min flow rate. c-di-GMP-containing fractions were pooled and concentrated by evaporation at 20 mbar and 45°C water bath temperature finally yielding a white powder. Identity and purity of c-di-GMP were estimated by HPLC in agreement with standards.
Crystallization of CuxR. Crystallization experiments were carried out by the sitting-drop method using SWISSCI MRC two-well crystallization plates with a reservoir volume of 50 μL. All crystallization experiments were carried out at room temperature. Initial crystallization hits were obtained after 1 d in 2 M NaCl and 0.1 M Na-acetate, pH 4.6, with a protein concentration of ∼300 μM and a drop size of 1 μL obtained by a 1:1 mixture of protein and precipitant solution. Diffraction-quality crystals were obtained after 3 d in 1.2 M NaCl and 0.1 M Na-acetate, pH 4.8, with a protein concentration of ∼300 μM and a drop size of a 2 μL obtained by a 3:1 mixture of protein and precipitant solution.
Data Collection, Structure Determination, and Analysis. Crystals were flashfrozen in liquid nitrogen after transfer into a cryoprotection solution consisting of mother liquor supplemented with 30% (vol/vol) glycerol. Data collection was performed at the European Synchrotron Radiation Facility in Grenoble, France, at ID23-1. Data were collected under laminar nitrogen flow at 100 K (Oxford Cryosystems 700 Series) with a DECTRIS PILATUS 6M detector and processed with XDS (67) and CCP4-implemented SCALA (68) . The structure of Se-Met-labeled CuxR was determined by SAD and subsequently served as search model for determination of the crystal structure of native CuxR by molecular replacement (MR). MR was performed using the CCP4-implemented program PHASER (69) . Structures were built in COOT (70) and refined with PHENIX refine (71) . Figures were prepared with PyMOL (www. pymol.org).
Constitution of CuxR-c-di-GMP Complex. For HDX and cross-linking experiments, CuxR-c-di-GMP complex was constituted by adding 1 mM c-di-GMP to ∼10 μM CuxR in SEC buffer and concentrated using an Amicon Ultracel-10 concentration unit (Merck Millipore) according to the experimental requirements.
Protein Cross-Linking. The 10 μM CuxR or CuxR-c-di-GMP was incubated with 1 mM EGS for 30 min at 25°C. The reaction was stopped by addition of Tris·HCl, pH 7.5, to a final concentration of 100 mM. Analysis of dimer formation was implemented by SDS/PAGE (72).
HDX-MS. The 50 μM CuxR or CuxR-c-di-GMP was diluted 10-fold in D 2 Ocontaining SEC buffer to start the H/D exchange. After incubation at 25°C for 30/120/600 s, the reaction was quenched by addition of an equal volume of ice-cold quench buffer (400 mM KH 2 PO 4 /H 3 PO 4 , pH 2.2) and directly injected into an ACQUITY UPLC M-class system with HDX technology (Waters) (73) . CuxR was digested on-line using a self-packed column of protease type XIII from Aspergillus saitoi (74) at 0.5°C running with water plus 0.1% formic acid at a flow rate of 100 μL/min and the resulting peptides trapped for 3 min using a C18 column. Subsequently, the trap column was placed in line with an ACQUITY UPLC BEH C18 1.7-μm 1.0 × 100-mm column (Waters) and the peptides eluted at 0.5°C using a gradient of water plus 0.1% formic acid (A) and acetonitrile plus 0.1% formic acid (B) at 30 μL/min flow rate: linear increase from 5% to 35% B within 7 min followed by a ramp to 85% B within 1 min and hold at 85% B for 2 min. Thereafter, the column was washed for 1 min at 95% B and reequilibrated at 5% B for 5 min. Mass spectra were measured in positive ion mode using a G2-Si HDMS mass spectrometer equipped with an electrospray ionization source (Waters). Lock mass spectra were obtained every 30-45 s using [Glu1]-Fibrinopeptide B standard (Waters). Undeuterated peptides were generated as described above by 10-fold dilution of CuxR in H 2 O-containing SEC buffer and detected in enhanced high-definition MS (HDMS E ) mode including ion mobility separation (IMS) of precursor ions within the gas phase and alternating high and low energies applied to the transfer cell (Waters). Deuterated peptides were detected in high-definition MS (HDMS) including IMS (75, 76) . All measurements were performed in triplicates. Blank runs were performed between each sample to avoid peptide carryover. Peptide identification and data analysis were basically carried out as described previously (45, 77) using the software PLGS (Waters) with a custom-created database and the setting "no enzyme." Peptides identified in at least two replicates were included in further analysis with DynamX 3.0 (Waters). Tolerance thresholds of 0.5 min and 25 ppm for retention time and m/z values, respectively, were applied for correlation of undeuterated and deuterated peptides. Deuterium incorporation was calculated by subtraction of the centroid of the isotope distribution of the undeuterated from the deuterated peptides. Relative deuterium incorporation was calculated as the quotient of absolute deuteration and the number of backbone amide hydrogens of the respective peptides.
